ABSTRACT Previously, we reported that intratracheal administration of lipopolysaccharide elicited pulmonary hypertension (PH) in broilers reared under commercial conditions and in broilers reared in environmental chambers and pretreated with aerosolized red food colorant # 3 and propylene glycol (Red#3+PG), but not in control broilers reared in environmental chambers. The objective of the present experiment was to determine possible changes in the number or proportion of airway leukocytes that could contribute to the magnitude of the PH responses elicited in broilers. Birds were aerosolized for 40 min with a saturated mixture of Red#3+PG. After 24 h, a blood sample was taken, the broilers were killed, and a pulmonary lavage process was conducted in each bird. Leukocyte concentration (white blood cells/µL) and differential leukocyte counts (%) were measured in blood and lavage fluid. Leukocyte concentration in blood did not differ between groups, but the percentage of blood lymphocytes was lower in broilers from the Red#3+PG group compared with birds from the control group (52.4 ± 2.9 and 56.9 ± 2.9%, respectively). Cells recovered from the lavage fluid from both groups were primarily heterophils. The concentration of leukocytes was greater in the lavage fluid of broilers from the Red#3+PG group compared with broilers from the control group (763.2 ± 158.7 and 402.9 ± 62.6 white blood cells/µL, respectively), but the proportions among leukocytes were not different between the 2 groups. We propose that the increased concentration of leukocytes present within the airways was one of the components that enabled broilers pretreated with aerosolized Red#3+PG to exhibit PH responses to intratracheal lipopolysaccharide.
INTRODUCTION
Previously, we reported that broilers reared under commercial conditions exhibit pulmonary hypertension (PH) in response to intratracheal lipopolysaccharide (LPS) administration. In addition, broilers grown in environmental chambers under optimal conditions (low density, low humidity, fresh and dry litter) do not exhibit PH in response to an intratracheal challenge with LPS. However, 24 h after inhalation of an aerosolized mixture of propylene glycol and the food colorant red dye#3 (Red#3+PG), broilers reared in environmental chambers do develop PH responses when challenged with intratracheal LPS (Lorenzoni and Wideman, 2008) . These findings indicate that the inhalation of aerosolized Red#3+PG primes or sensitizes the airways to intratracheal LPS.
We hypothesize that sensitization of the airways may be attributable to 3 factors. First, inhalation of Red#3+PG may interfere with the protective role of surfactant proteins in the conductive airways. Surfactant-associated proteins present in the respiratory airways of all vertebrates have the ability to modulate the mucosal immune system of the airways. For example, surfactant protein D is able to bind LPS molecules within the airways, decreasing the amount of free LPS able to stimulate respiratory resident macrophages in rats (van Rozendaal et al., 1999) . In addition, surfactant protein A inhibits the production of proinflammatory cytokines after intratracheal administration of LPS in mice (Borron et al., 2000) . The inability of surfactant proteins to bind incoming antigens efficiently may result from chemical interactions with Red#3+PG, which may permit greater quantities of LPS and other antigens to stimulate immune cells. Second, aerosolized Red#3+PG may elicit inflammation of the mucosa of the conducting airways, thereby causing immune cells to migrate to the submucosa of the airways. In ducks, nonciliated epithelial cells from the lower respiratory system (atria and infundibula of the gas exchange region) take up and translocate particles (antigens) to the interstitium, where they can bind to receptors on the surface of monocytes, endothelial cells, and dendritic cells (Stearns et al., 1987; Brown et al., 1997) . A change in the proportion or concentration of submucosal immune cells may change the outcome of chemical signals produced after the interaction with the imported antigens, thereby directly affecting physiological-immune responses. Migration of immune cells into the submucosa of the airways may pave the way for the third possibility, which is migration of immune cells directly into the airways. Chicken macrophages can be recruited into the airways after appropriate stimulation. In fact, 5-fold increases in free respiratory macrophages were reported 24 h after vaccination with Pasteurella multocida (Toth et al., 1988) . The objective of the present study was to evaluate changes in the concentration and proportion of immune cells within the airways of broilers after a treatment with aerosolized Red#3+PG. An increase in leukocyte numbers or a shift in the proportions of leukocytes within the conducting airways may provide a clue to the increased PH responsiveness to intratracheal administration of LPS.
MATERIALS AND METHODS

Bird Management
Chicks from a commercial broiler line (Cobb-Vantress) were wing-banded and reared on clean wood shavings litter in environmental chambers (8 m 2 of floor space) within the Poultry Environmental Research Laboratory on the University of Arkansas Poultry Research Farm. The birds were brooded at 33°C from d 1 to 3, 31°C from d 4 to 6, 29°C from d 7 to 10, 26°C from d 11 to 14, and 24°C thereafter. Birds were fed a 23% CP corn-and soybean meal-based diet formulated to meet the NRC (1994) standards for all ingredients. Birds received feed and water ad libitum. Feed was provided as crumbles throughout the experiment. Lights were on for 24 h/d through d 4 and for 16 h/d thereafter.
Airway Priming
A CompMist Piston Compressor Nebulizer (Mabis Healthcare, Waukegan, IL) was used to vaporize the Red#3+PG solution into aerosol droplets ranging in diameter from 0.5 to 10 µm (Tiano and Dalby, 1996; Rau, 2002) . Four 9-wk-old broilers at a time were placed inside an 80-L 3 plastic box (50 × 40 × 40 cm), and the outlet tube from the nebulizer was inserted through a 2-cm hole in the uppermost portion of one end of the box. The nebulizer was loaded with a saturated solution of Red#3+PG, which was allowed to suffuse the entire box for up to 40 min. The CO 2 accumulation inside the box promoted vigorous panting, which facilitated deep inhalation of the fog-like vapor into the respiratory tract. Panting inside the plastic box or aerosolization with water, blue, and yellow food colorant failed to induce hypertensive responses to intratracheal LPS (Lorenzoni and Wideman, 2008) . Accordingly, control birds did not undergo aerosol pretreatment.
Lavage Procedure
Twenty-four hours after the airway priming, the aerosolized and the control broilers were anesthetized with an intramuscular injection of 1 mL of allobarbital (5,5-diallyl-barbituric acid; 25 mg/mL; Sigma Chemical Co., St. Louis, MO) and 1 mL of ketamine HCl (100 mg/mL), and they were fastened in dorsal recumbency on a surgical board. The proximal end of a PE-50 tubing filled with heparinized saline (200 IU of heparin/mL of 0.9% NaCl) was inserted into the basilica vein and 10 mg of thiopental (20 mg/mL; Sigma Chemical Co.) was administered. One milliliter of blood was collected in a heparinized tube for further analysis of white blood cell (WBC) concentrations and proportions among WBC populations. Next, the bird was killed by bleeding via the venous cannula. In pilot studies, this method of euthanasia under deep anesthesia was found to reduce terminal struggling and thereby dramatically reduce the incidence of blood contaminating the lavage fluid after a broiler was killed. The skin of the neck was cut and the trachea was exposed and freed from connective tissue. A small incision was made in the mid trachea to allow the insertion of the tip of a 30-cm length of silicone tubing with an outer diameter (3 mm) slightly smaller than the inner diameter of the trachea. The tubing was fastened airtight inside the trachea with suture thread. The distal end of the silicone tubing was attached to a 3-way valve connected to two 20-mL syringes (modified from the method of Toth and Siegel, 1986) . One of the syringes was used to create vacuum to collapse the air sacs (indicated by the retraction and collapse of the trachea) to minimize the amount of fluid that could remain trapped in the air sacs. The other syringe was used to gently administer 20 mL of roomtemperature saline (NaCl 0.9%). The thoracic cavity was massaged for 3 min while the bird was gently rotated laterally and dorsoventrally. The fluid was aspirated back into the syringe, and then fresh saline was administered and the lavage process was repeated a total of 3 times in each bird. The collected fluid from each bird was pooled, filtered through a coarse mesh filter, and vortexed. Immediately thereafter, 40 mL of the combined fluid was kept for analysis and the remainder was discarded. With this procedure, it was assumed that the lung volume of birds from the same flock did not vary significantly (Wideman and Bottje 1993) and that the lavage fluid within the lungs followed a similar distribution and suspended a proportional number of leukocytes in each bird. The fluid from each bird was labeled and kept at 4°C until analysis. An alternating schedule was used to analyze the samples from the Red#3+PG and control groups.
Cellular Analysis of Lavage Fluid and Blood
The lavage fluid was centrifuged at 250 × g for 10 min, the supernatant fluid was discarded, and the pellet was suspended in 10 mL of Dulbecco's PBS (Sigma Chemical Co.). Next, 200 µL of the resuspended pellet was placed into a Cytopro 7620 cytocentrifuge (Wesco Inc., UT) and centrifuged at 50 × g for 3 min to transfer the cells to the surface of a microscope slide. Blood smears were prepared on microscope slides to evaluate the proportions (%) among leukocytes (lymphocytes, heterophils, monocytes, eosinophils, and basophils) in blood. The slides were stained with Wright stain and a minimum of 300 leukocytes were identified and counted for each slide at 1,000× magnification using a brightfield microscope (Lucas and Jamroz, 1961) . To determine the concentrations of leukocytes in the lavage fluid and blood, a drop of 1:5 PBS dilution of lavage fluid and a drop of 1:100 PBS dilution of blood were placed into a hemocytometer. A 10-min period was allowed to elapse for thrombocytes to adhere to the glass surface and thereby induce a morphometric change for effective differentiation of thrombocytes from other lymphocytes. The red blood cells (RBC) and leukocytes were counted at 400× magnification using a bright-field microscope.
Statistical Analysis
Differences between the Red#3+PG and control groups in RBC and WBC concentrations (RBC/ µL and WBC/µL), blood leukocyte proportions (%), lavage fluid cell concentrations (RBC/µL and WBC/ µL), and lavage fluid leukocyte proportions (%) were evaluated using Student's t-test. Statistical differences were declared when P ≤ 0.05. The RBC:WBC ratio (hereafter called the correction factor) from the blood was used to adjust the leukocyte concentration from the lavage fluid for blood contamination with the following formula (Table 1): (WBC/µL in lavage fluid) -(RBC in lavage fluid/ correction factor).
RESULTS
Macroscopic Evaluation of Lavage Fluid
Immediately after being extracted from the respiratory airways, the lavage fluid samples appeared to be clear. However, after centrifugation, all samples presented some degree of blood contamination that was seen as a thin red layer above a larger white pellet. a,b Difference between the corresponding column of the 2 treatments. 1 Red#3+PG birds were treated with a vaporized solution of food colorant red # 3 and propylene glycol 24 h before lavage fluid collection. Control birds received no pretreatment.
2 CF = correction factor = RBC in blood/WBC in blood. 3 WBC st lav = standardized WBC in lavage fluid = (WBC/µL in lav) − (RBC in lav/CF).
Microscopic Evaluation of Lavage Fluid and Blood
Concentration of RBC and Leukocytes in Lavage Fluid and Blood. As shown in Table 1 , the standardized leukocyte concentration in the lavage fluid was greater in the Red#3+PG group than in the control group (763.2 ± 158.7 and 402.9 ± 62.6 leukocytes/µL, respectively), but no differences between these groups were found for the concentration of WBC or RBC in blood. Blood contamination, measured as the number of RBC/µL of lavage fluid, was not different between the groups; however, birds within the Red#3+PG group tended to exhibit more blood contamination in lavage fluid than did birds in the control group (Table  1) .
Proportions Among Cell Populations in the Lavage Fluid. Heterophils, lymphocytes, and macrophages were the predominant immune cells within the lavage fluid. Ciliated and nonciliated epithelial cells were often present in the lavage fluid but they were not included in the differential leukocyte counting. Heterophils were the predominant cell type in the lavage fluid from both groups. Heterophils very often presented a clear cytoplasm filled with engorged and elongated granules. The heterophilic granules were typically larger than the granules of blood heterophils, and usually a round dark dot was present in the center of each granule. Basophils and eosinophils were very scarce (≤1 per 300 cells) and thus were included with the heterophils in the more general category of granulocytes, which did not differ significantly between the Red#3+PG and control groups (92.2 ± 1.8 and 89.4 ± 2.1%, respectively). Lymphocytes were recognized as small round cells with a relatively large nucleus and a rim of dark-blue cytoplasm. Macrophages were larger than lymphocytes and their nuclei were also larger, but not as round as the nuclei of the lymphocytes. Additionally, the cytoplasm of macrophages was more abundant and paler than the lymphocytic cytoplasm. Because of the abundant number of cells that morphologically did not correspond to macrophages or lymphocytes, but rather shared common characteristics, a general mononuclear leukocytes category was created, which corresponded to the sum of both cell populations. The mononuclear leukocytes percentage did not differ between the Red#3+PG and control groups (7.8 ± 1.8 and 10.6 ± 2.1%, respectively).
Proportions Among Cell Populations in Blood. The percentage of lymphocytes in the blood was lower (P = 0.02) in the Red#3+PG group than in the control group (52.8 ± 2.9 and 56.9 ± 2.9%, respectively). Values for heterophils (32.0 ± 2.8 and 28.7 ± 2.5), monocytes (9.0 ± 1.4 and 7.0 ± 1.0), basophils (4.8 ± 0.7 and 5.4 ± 0.5), and eosinophils (1.8 ± 0.3 and 2.1 ± 0.4) were not different between the Red#3+PG and control groups, respectively.
DISCUSSION
The objective of the present experiment was to determine possible changes in the number or proportion of airway leukocytes that could contribute to the magnitude of the PH responses elicited in broilers by an intratracheal challenge with LPS (Lorenzoni and Wideman, 2008) . One of the most difficult aspects to address when studying cells derived from the airways of birds is the intricate anatomy of the lungs, which have conducting airways that connect with several air sacs. The intercommunication between airways and air sacs complicates the process of lung lavage and fluid collection. Several techniques have been described to collect lavage fluid from birds (Toth and Siegel, 1986; Toth et al., 1988; Fulton et al., 1990 Fulton et al., , 1993 Klika et al., 1996; Nganpiep and Maina, 2002; Holt et al., 2005) . However, during pilot studies, we were unable to collect bloodfree lavage fluid in a consistent manner. A possible explanation for this observation is that blood capillaries within the lungs of different broiler lines may have different degrees of fragility. Apparently, the method of euthanasia also plays an important role in the collection of suitable samples. Terminal struggles caused by euthanasia via cervical dislocation or CO 2 inhalation may contribute to the rupture of lung capillaries. We found that gradually bleeding deeply anesthetized birds was the optimal way to obtain grossly clear lavage fluid consistently. To strengthen the calculations presented in this experiment, leukocyte concentrations in the lavage fluid were normalized to adjust for variable levels of blood contamination among the samples.
Our results showed that the number of leukocytes (Table 1), but not the proportion among leukocytes present within the airways, was greater in broilers from the Red#3+PG group than in birds from the control group. We also found that the proportion of lymphocytes within the blood was lower in the Red#3+PG group than in the control group. These results support the theory that the number of local cells interacting directly with environmental antigens may have an impact in the subsequent mucosal immune response, and suggest that the mobilization of lymphocytes from the blood may be involved as well. In fact, preliminary histological observations of lung sections derived from the same birds that were included in the present study suggest that lymphocytes may be sequestered within the submucosa of the intrapulmonary conducting airways. In mammals, neutrophils migrate into the small conducting airways and alveoli through preexisting holes surrounded by fibroblasts in the endothelial and epithelial basal laminae. This migration seems to be mediated by the expression of intercellular adhesion molecule-1 on the pulmonary endothelium (Behzad et al., 1995) and occurs within the pulmonary capillaries rather than within postcapillary venules (Doerschuk, 2000) . It is possible that a similar mechanism operates in birds.
Sentinel immune cells are present in the airways of birds (Fulton et al., 1990; Klika et al., 1996; Nganpiep and Maina, 2002; present study) . These cells may be able to respond to an intratracheal LPS challenge under normal conditions. However, it seems clear that mucosal immunity evolved to allow a degree of tolerance to environmental antigens and avoid repeated and massive life-threatening responses (Xavier and Podolsky, 2000) . The existence of momentarily underresponsive sentinel cells suggests that at least 2 of the 3 proposed mechanisms (airway immune cells, surfactant proteins, or submucosal immune cells) act in concert to mount a mucosal immune response. Supporting this theory, surfactant protein A downregulates proinflammatory cytokine production evoked by Candida albicans in human alveolar macrophages (Rosseau et al., 1999 ) and, in turn, rat pulmonary alveolar macrophages can secrete nitric oxide-dependant soluble mediators that suppress the activation of dendritic cells located within the submucosa (Holt et al., 1993) .
With regard to the number of leukocytes within the airways of control birds, it could be argued that control birds in this experiment were not raised in a pathogenfree environment; thus, control birds also were challenged with low but constant doses of aerosolized litter dust. On the other hand, under the experimental conditions of this study, the air and bed quality in the environmental chambers are far superior to those found in commercial poultry production. In fact, we have shown that birds raised under standard commercial conditions have their airways already primed and ready to respond to intratracheal LPS challenges (Lorenzoni and Wideman, 2008) . A primed state of the airways may mean that the surfactant fluid is undergoing chemical changes, or that immune cells within airways and submucosa are already stimulated with a cascade of proinflammatory factors (such as IL-6) and thus are ready to respond.
The idea that deficient management practices are responsible for the high incidence of respiratory diseases in broilers has already been proposed (Nganpiep and Maina, 2002) . We agree with this theory and further propose a mechanism that explains the immune consequences of deficient management practices. Under commercial conditions, the respiratory tract of birds is already primed; thus, large numbers of inflammatory cells may already be present within the lungs. Inflammatory factors derived from these cells may aggravate the integrity of the respiratory endothelium, allowing for the easier colonization and spread of pathogens within a flock. Degranulation of heterophils, the major cellular component found in the present study, leads to the release of cationic peptides, acid phosphatase, cathepsin, oxidative factors, and several lysosomal enzymes, including metalloproteinase, which are known to disrupt connective tissue (Harmon, 1998) . Interestingly, LPS is known to upregulate the production and release of metalloproteinase, oxidative factors, and proinflammatory factors such as IL-6 in chicken heterophils (Rath et al., 1998) .
In conclusion, the respiratory tract of birds with primed airways had a greater number of leukocytes, primarily granulocytes (heterophils), within the airways and a lower proportion of circulating lymphocytes in blood compared with control birds. Regardless of the lack of a hypertensive response in control birds from a comparable study in our laboratory (Lorenzoni and Wideman, 2008) , a considerable number of WBC were found within the airways of control birds. This could mean that the different components of the mucosal immune system (surfactant proteins, epithelial cells, or signals from submucosal leukocytes) may serve as a mechanism of reciprocal modulation and that imbalance of this system of modulation may be necessary to mount an immune response.
